The growth characteristics of five bacteria, Brevibacterium aurantiacum 1-16-58, Corynebacterium casei DPC 5298 T , Corynebacterium variabile DPC 5310, Microbacterium gubbeenense DPC 5286 T , and Staphylococcus saprophyticus 4E61, all of which were isolated from the surface of smear cheese, were studied in complex and chemically defined media. All of the coryneforms, except M. gubbeenense, grew in 12% salt, while B. aurantiacum and S. saprophyticus grew in 15% salt. All five bacteria assimilated lactate in a semisynthetic medium, and none of the coryneform bacteria assimilated lactose. Glucose assimilation was poor, except by S. saprophyticus and C. casei. Five to seven amino acids were assimilated by the coryneforms and 12 by S. saprophyticus. Glutamate, phenylalanine, and proline were utilized by all five bacteria, whereas utilization of serine, threonine, aspartate, histidine, alanine, arginine, leucine, isoleucine, and glycine depended on the organism. Growth of C. casei restarted after addition of glutamate, proline, serine, and lactate at the end of the exponential phase, indicating that these amino acids and lactate can be used as energy sources. Pantothenic acid was essential for the growth of C. casei and M. gubbeenense. Omission of biotin reduced the growth of B. aurantiacum, C. casei, and M. gubbeenense. All of the bacteria contained lactate dehydrogenase activity (with both pyruvate and lactate as substrates) and glutamate pyruvate transaminase activity but not urease activity.
Bacterial surface-ripened cheeses are characterized by the development of a viscous, red-orange smear on the surface composed of yeasts, mainly Debaryomyces hansenii and Geotrichum candidum, and gram-positive bacteria such as coryneforms and staphylococci (10) . Because of its tolerance to high salt concentrations and low pH, D. hansenii develops first on the cheese, metabolizing lactate to CO 2 and H 2 O and forming alkaline metabolites, such as ammonia, that lead to deacidification of the cheese surface, enabling the growth of the salttolerant but less-acid-tolerant bacteria.
Until recently, Brevibacterium linens was considered to be the major component of the surface microflora, and most of the research on smear cheese bacteria has focused on physiological and growth characteristics either in liquid cultures (13, 14, 31, 32) , on experimental cheeses in mixed cultures with D. hansenii (25) (26) (27) , or on cheese agar (30) . During the last few years, the microflora of several smear cheeses has been extensively investigated and categorically identified using combinations of phenotypic and genotypic techniques (9, 15, 29, 33, 42) . These studies have resulted in the identification of several new species of bacteria, including Arthrobacter arilaitensis and Arthrobacter bergerei (21) , Agrococcus casei (6) , Corynebacterium casei (7) , Corynebacterium mooreparkense (8) (subsequently shown to be Corynebacterium variabile [18] ), Microbacterium gubbeenense (8) , Staphylococcus equorum subsp. linens (36) , Staphylococcus succinus subsp. casei (35) , and species not previously identified on smear cheeses such as Brevibacterium aurantiacum (38) , Staphylococcus sciuri (5) , and Staphylococcus saprophyticus (22, 33) . Recently, S. saprophyticus has been shown to dominate the surface of Gubbeen cheese early in ripening but is then replaced by corynebacteria, particularly C. casei (38) .
Strains of B. linens and D. hansenii from commercial laboratories are generally inoculated onto the cheese surface early in ripening, but their subsequent recovery during ripening is very low (39) or absent (34) , indicating that an adventitious flora develops on smear cheeses. The factors that allow this microflora to develop have not been studied to any great extent. Early work by Purko et al. (37) showed that pantothenic acid production by yeasts stimulated the growth of B. linens. During the early days of cheese ripening, lactose is rapidly transformed into lactate by the large numbers of lactic acid bacteria present in the cheese. The yeasts metabolize lactate, and it is likely that lactate dehydrogenase is the first step in the pathway. As cheese ripening progresses, other C sources such as amino acids from protein hydrolysis appear. Whether lactate and amino acids are used by the smear bacteria as C sources has not been determined.
Metabolism of amino acids is one of the key determinants of flavor formation in cheese. The first step in their metabolism is a transaminase reaction in which the amino group of the amino acid is transferred to an ␣-ketoacid, resulting in the formation of the corresponding amino and keto acids (reviewed in references 41 and 44). ␣-Ketoglutarate (␣KG) appears to be the important amino group acceptor, since addition of exogenous ␣KG to cheese increased the rate of flavor formation. It is produced from glutamate by either glutamate amino acid transferase or glutamate dehydrogenase (GDH) and appears to be a rate-limiting reaction in cheese flavor development.
The aim of the present study was to investigate some of the growth characteristics of B. aurantiacum, C. variabile, S. saprophyticus, and two recently described new species, C. casei and M. gubbeenense (7, 8) , isolated from smear cheese. Particular attention was given to their ability to metabolize lactose, lactate, and amino acids and to the likely enzymes involved.
Nothing is known about the vitamin requirements of these organisms, and this aspect was also studied.
MATERIALS AND METHODS
Strains. The bacteria used were Corynebacterium casei DPC 5298 T , Corynebacterium variabile DPC 5310, Microbacterium gubbeenense DPC 5286 T , Brevibacterium aurantiacum 1-16-58, and Staphylococcus saprophyticus 4E61, from the culture collection of the Moorepark Food Research Centre, Moorepark, Fermoy, Ireland. They were originally isolated from various batches of Gubbeen cheese (7, 33) . The bacteria were precultured in Trypticase soy broth (TSB; Difco). Before inoculation, a sufficient volume of the TSB preculture was centrifuged at 20,000 ϫ g for 5 min, washed twice with sterile water, and resuspended in sterile water to obtain a suspension with an optical density at 600 nm (OD 600 ) of 1. Two milliliters of this suspension was used to inoculate 100 ml of the relevant medium in a 300-ml flask. During growth, samples were taken periodically (2-to 4-h intervals) for OD measurements. Supernatants after centrifugation at 20,000 ϫ g for 5 min were frozen at Ϫ20°C until analyzed. All cultures were grown at 200 rpm at 30°C for 24 to 90 h, depending on the organism and the growth medium used. All experiments were done in duplicate, and comparable results were found for each replicate.
Effect of NaCl. The effect of NaCl (0 to 15%) on the growth of the different bacteria was tested in YT medium, which consisted of (per liter), yeast extract (Difco), 5 g; tryptone (Difco), 5 g; 365 ml of 0. 2 O, 2 mg; NaCl, 50 g; protocatechuic acid, 15.4 mg; thiamine, 2 mg; biotin, 0.5 mg; pyridoxine, 0.6 mg; pyridoxal, 0.6 mg; pyridoxamine, 0.6 mg; nicotinic acid, 0.65 mg; calcium pantothenate, 1.2 mg; folic acid, 0.5 mg; and riboflavin, 0.5 mg. Glucose, lactose, or sodium lactate was added to the medium as appropriate at a concentration of 10 g/liter. The pH of each medium was adjusted to 6.5 by the addition of 1 M HCl prior to filter sterilization (0.22 m; PES membrane [Nalgene]).
Utilization of glutamate, proline, serine, or lactate as energy sources. Further investigations were conducted on C. casei DPC 5298 and M. gubbeenense DPC 5286 to determine whether these bacteria could use glutamate, proline, serine, or lactate as energy sources. The strains were grown in SSM modified by reducing the Casamino Acids to 1.25 g/liter. When the stationary phase was reached, 1 ml of concentrated solutions of sodium glutamate, proline, or serine at 1 g/liter or sodium lactate at 10 g/liter was added and growth was subsequently monitored at 600 nm.
Growth of C. casei in MM.
A minimal medium (MM) for the growth of C. casei was subsequently designed and contained the same vitamins and minerals as SSM, but ammonium sulfate, urea, and the Casamino Acids were replaced with glutamate, proline, serine, glycine, histidine monohydrochloride, alanine, and phenylalanine (each at 200 mg/liter). Lactate (10 g/liter [MM plus lactate]), was added as appropriate. The pH of each medium was adjusted to 6.5 by the addition of 1 M HCl prior to filter sterilization (0.22 m; PES membrane [Nalgene]).
Vitamin requirements. To identify the vitamin requirements, the strains were grown in SSM modified by omission of each of the vitamins in turn. The inocula for these were grown in SSM supplemented with 10 g/liter sodium lactate. After centrifugation (15,000 ϫ g for 5 min), the cells were washed twice in sterile water, resuspended, and added to the medium from which one of the vitamins had been omitted. The inoculum used was standardized to an OD 600 of 1, and 0.05 ml of this suspension was added to 5 ml of fresh medium in a 30-ml sterile container (Bibby Sterilin) and incubated for 72 h at 30°C at 200 rpm. After this, the OD 600 of the subcultures was compared with the OD 600 of a positive control without vitamin omissions by Student's t test. These experiments were performed in triplicate.
Enzyme assays. Cells, grown in 250-ml volumes of filter-sterilized (0.22 m) SSM in 1-liter Erlenmeyer flasks at 30°C at 200 rpm, were centrifuged for 15 min at 8,000 rpm at 4°C. The pellets were washed once with 0.85% NaCl and centrifuged for 15 min at 8,000 rpm at 4°C. After decanting the supernatant, the pellets were resuspended in 5 to 10 ml of 50 mM phosphate buffer (pH 6.5), transferred to a 10-ml beaker, and kept on ice. Cells of C. casei, C. variabile, and M. gubbeenense were sonicated (Soniprep 150; MSE, London, United Kingdom) at 4°C for 5 min at 1-min intervals with cooling between each sonication to 4°C for 1 min. Cells of B. aurantiacum and S. saprophyticus were broken open in a bead breaker (Biospec Products, Bartlettsville, OK) for 4 and 8 min, respectively, at 2-min intervals with cooling to 4°C for 2 min between each beating. Cell debris was removed by centrifugation at 10,000 ϫ g for 4 min at 4°C. LDH was measured using both pyruvate and lactate as substrates by the procedures of Bergmeyer and Bernt (1, 2). Glutamate dehydrogenase (GDH), glutamate-pyruvate transaminase (GPT), and urease were measured by the procedures of Schmidt (40), Bergmeyer and Bernt (3), and Schlegel and Kaltwasser (39), respectively. All assays were carried out at least in triplicate at 25°C, except that of LDH with lactate as substrate, which was conducted at 30°C.
Analyses. Growth was monitored by measurement of the OD 600 , diluting cultures with an OD of Ͼ0.5 with uninoculated medium to maintain the linearity of biomass with OD. Growth rates were calculated from linear regression of the slopes of the linear portion of the growth curves relating log OD to time and multiplying by 2.303 to convert to natural logarithms. At least five points were used in each calculation. The pH was also monitored during growth. Glucose, L-lactic acid, and lactose concentrations were determined using enzymatic kits (Sigma for glucose and Boehringer-Mannheim for L-lactate and lactose) following the instructions of the manufacturer. Protein was determined using the Bradford method (Sigma) with bovine serum albumin as the standard. For amino acid determination, samples were deproteinized by mixing equal volumes of 24% (wt/vol) trichloroacetic acid and sample. These were allowed to stand for 10 min before centrifugation at 14,400 ϫ g (Microcentaur; MSE, London, United Kingdom) for 10 min. Supernatants were removed and diluted with 0.2 M sodium citrate buffer (pH 2.2) to give approximately 250 nmol/ml of each amino acid residue. Samples were then diluted 1 in 2 with the internal standard, norleucine, to give a final concentration of 125 mM. Amino acids were quantified using a JEOL JLC-500/V amino acid analyzer (JEOL UK Ltd., Garden City, Herts., United Kingdom) fitted with a JEOL Na ϩ high-performance cation-exchange column.
RESULTS

Effect of salt.
The effect of salt on the growth of C. casei 5298 is shown in Fig. 1 . Growth occurred in up to 12% salt but was fastest in 3% salt. Similar growth rates occurred in 0 and 6% salt, while growth and the final cell density were much lower in 9% and, especially, 12% salt, and no growth occurred in 15% salt. Similar results were found for the other three coryneforms, except that growth of B. aurantiacum occurred in 15% salt and M. gubbeenense did not grow in 9% salt (data not shown). Growth of S. saprophyticus occurred at all salt levels but was best in 0% salt (data not shown). 
VOL. 73, 2007 GROWTH OF SURFACE-RIPENED CHEESE ISOLATES 7733
Sugar and lactate assimilation. The five strains were able to grow in SSM in the absence of glucose, lactose, or lactate but generally grew faster in the presence of glucose or lactate (Table 1) . B. aurantiacum and M. gubbeenense had the slowest growth rates, while C. variabile, C. casei, and S. saprophyticus grew quite rapidly. Lactate was used by all five species (Fig. 2) and did not limit growth because it was not depleted at the end of the exponential phase of growth. This suggested that other substrates were limiting. The pH increased during growth from 6.5 to 7.5 to 8.4 (Fig. 2) . Lactose was only used by S. saprophyticus, while glucose was used rapidly by S. saprophyticus and slowly by all of the coryne- Fig. 3 . Amino acid depletion correlated with the increase in biomass. B. aurantiacum used 5 amino acids, C. variabile and M. gubbeenense used 6 each, C. casei used 7, and S. saprophyticus used 12. Glutamate, proline, and phenylalanine were used by all organisms; serine was used by all, except B. aurantiacum; and histidine was used by all, except M. gubbeenense. Use of the other amino acids depended on the organism. C. variabile utilized the amino acids to a much lower extent than the four other bacteria, and at the end of growth, increases in glutamate and proline were found. These patterns of utilization were similar in the media containing glucose for C. variabile, C. casei, M. gubbeenense, and S. saprophyticus or lactose for S. saprophyticus (data not shown). In the absence of sugar and lactate, the same amino acids as in SSM plus lactate were utilized by C. casei, M. gubbeenense, and S. saprophyticus, except that C. casei also utilized aspartate and threonine, while M. gubbeenense did not utilize threonine and phenylalanine in SSM. In SSM, B. aurantiacum only utilized glutamate and C. variabile only used aspartate, proline, and glutamate (data not shown). This was likely due to the fact that the latter two bacteria only grew to an OD of ϳ0.6 in SSM compared with ϳ5 in SSM plus lactate. C. casei and S. saprophyticus grew to an OD of 2.5, while M. gubbeenense grew to an OD of 1 in SSM compared with ODs of ϳ5, 6, and 3, respectively, in SSM plus lactate.
Utilization of glutamate, proline, serine, or lactate as energy sources. Addition of individual concentrated solutions of glutamate, proline, serine, or lactate at the end of the exponential phase of growth of C. casei resulted in resumption of growth (Fig. 4) , with growth rates of 0.12, 0.05, 0.10, and 0.19 h Ϫ1 , respectively. Plots of consumption of amino acids against biomass were linear, indicating that the amino acids were used as energy sources. It is likely that the lower growth rates obtained after addition of the amino acids compared to the initial one in SSM (0.34 h Ϫ1 ; Table 1 ) are due to the lower levels of amino acids added at the end of the exponential phase and the fact that they were added individually. Similar results were obtained for M. gubbeenense, except that growth did not occur after the addition of serine (data not shown).
Vitamin requirements. The effects of omission of individual vitamins from SSM on the growth of C. casei, C. variabile, M. gubbeenense, B. aurantiacum, and S. saprophyticus are shown in Table 2 . Calcium panthotenate was essential for growth of C. casei and M. gubbeenense. Omission of biotin reduced the growth of B. aurantiacum, C. casei, and M. gubbeenense, while omission of thiamine reduced the growth of M. gubbeenense and S. saprophyticus. Single omission of these vitamins did not affect the growth of C. variabile. The simultaneous omission of pyridoxine, pyridoxal, and pyridoxamine did not affect the growth of any of the organisms tested (data not shown).
Growth of C. casei in MM. C. casei grew in MM and MM plus lactate, each of which contained only 7 amino acids as N sources (Fig. 5) . Growth in MM plus lactate was faster (0.31 h Ϫ1 ) than in MM (0.24 h Ϫ1 ). In both media, all amino acids were utilized, but only data for glutamate, proline, serine, and alanine are shown in Fig. 5 . Glutamate was the most rapidly used amino acid, but it was not rate limiting. The rate of utilization of all the amino acids was slower in the presence of lactate, indicating that lactate was being used as an energy source. Lactate was also linearly depleted during growth in MM plus lactate (data not shown). M. gubbeenense did not grow in this medium.
Enzyme activities. Cells of each organism grown in SSM plus lactate contained GPT and LDH activities with both pyruvate and lactate as substrates (Table 3) . None of them contained urease activity, and only S. saprophyticus had GDH activity. The differences in activities of LDH, using pyruvate and lactate as substrates, probably reflect the different conditions used in the respective assays. 
DISCUSSION
The two main sources of carbon available to microorganisms at the beginning of cheese ripening are lactose and lactate. However, lactose is rapidly transformed to lactate during the first days of ripening by the lactic acid bacteria present on the cheese surface. Therefore, after a few days of ripening, lactate is the most important C source on the cheese surface. All five bacteria studied assimilated lactate, but only S. saprophyticus utilized lactose. It is generally believed that yeasts are responsible for metabolizing lactate on the surface of smear cheese. The present data suggest that the bacteria also play a role in this regard. LDH activity with lactate as the substrate was present in all five bacteria, suggesting that transformation of lactate to pyruvate is the first step in lactate utilization.
Malic enzyme may also be involved, as has been found in C. glutamicum (19) .
The four coryneform bacteria studied represented three different genera. Despite this, their amino acid utilization patterns were fairly similar. All four species utilized glutamate, proline, phenylalanine, and, except for B. aurantiacum, serine. Utilization of the other amino acids depended on the organism. The results for B. aurantiacum agree with those of Famelart et al. (13) , who showed that B. linens ATCC 9175, recently reclassified as B. aurantiacum (17) , rapidly consumed phenylalanine, arginine, proline, glutamate, histidine, and tyrosine in a medium containing Casamino Acids and sodium lactate. Tyrosine was not consumed by the strain of B. aurantiacum used in the present study. In C. variabile, utilization of glutamate and proline was much slower than in the other four organisms and C. variabile also appeared to be able to synthesize glutamate and proline because both amino acids increased in the medium during the stationary phase of growth. Further work is necessary to try to understand this phenomenon. These organisms are moderately halophilic (Fig. 1) , and glutamate and proline may be important in maintaining the osmotic balance in the cells (12, 24) .
GPT activity was detected in all five organisms, while GDH activity was only detected in S. saprophyticus. GPT catalyzes the transamination of pyruvate from glutamate, resulting in formation of alanine from pyruvate and ␣KG from glutamate, from which energy can be generated through the tricarboxylic acid cycle. ␣KG is also important in the catabolism of amino acids for flavor formation by the lactic acid bacteria in cheese (for reviews, see references 41 and 44) , and this may also be its role in the smear bacteria. LDH activity with lactate as substrate was also detected in all organisms (Table 3) and is the likely source of pyruvate for the GPT activity. None of the organisms, except C. casei and S. saprophyticus, used alanine, implying that GPT activity is also a possible source of alanine in these organisms.
C. casei and M. gubbeenense used serine, which can be converted to pyruvate and NH 3 by both L-serine dehydratase and cystathionine ␤-lyase, both of which have been characterized in C. glutamicum (34) . An L-serine dehydratase has also been characterized in B. aurantiacum ATCC 9175 (20) .
Urea and (NH 4 ) 2 SO 4 were also present in the SSM used. Whether these compounds were involved in N metabolism was not determined, but the fact that urease activity was not detected in any organism (Table 3) suggests that urea is not used by these organisms and that it could be omitted from the medium. This conclusion is supported by the fact that C. casei, at least, was able to grow in a defined medium containing seven amino acids as the only sources of C and N. Further investigations are necessary to identify which of these amino acids are essential for growth. To our knowledge, this is the first time that the vitamin requirements of B. aurantiacum, C. casei, and M. gubbeenense have been studied. Omission of biotin and thiamine from the medium significantly reduced growth of M. gubbeenense. It has been previously shown that pantothenic acid is essential for growth of B. linens and that this vitamin is produced by D. hansenii (37) . The present study showed that pantothenic acid was also required by C. casei and M. gubbeenense. There was no significant effect of omission of vitamins on the growth of C. variabile, suggesting that this organism has no vitamin requirements. The growth of S. saprophyticus was only limited when thiamine was omitted from the medium. This is in agreement with Cove and Holland (11) , who found that strains of S. saprophyticus isolated from human skin required thiamine for growth.
Coryneform bacteria are considered to be halotolerant microorganisms (16) , and the present results show that they grow quite well in the presence of 6% salt. Concentrations of Ͼ9% salt retard growth, and only S. saprophyticus and B. aurantiacum grew (slowly) in the presence of 15% salt. The four coryneforms grew best in low (3%) levels of salt, but the effect was not great. Similar results have been reported for various strains of B. linens, Corynebacterium ammoniagenes, and Corynebacterium flavescens (4, 31) but, in contrast to the present findings, not C. variabile (31) . We have no explanation for this contradictory result. The enhancing effect of salt on growth may be due in part to the requirement of Na ϩ gradients to drive transport processes across the cell membrane (43) .
Extrapolation of the growth characteristics of these organisms in liquid cultures to their growth on the surface of smear cheese may be risky since the composition of the cheese matrix is far more complex than the medium utilized in this study and competition for the substrates and/or negative or positive interactions may occur between organisms. However, coryneform bacteria dominate the later stages of the ripening process (9, 34, 39) . At this point, the level of lactate would be low and that of the free amino acids high, as a result of proteolysis by the bacteria and yeast on the surface. The fact that these organisms are salt tolerant and able to grow using only amino acids as energy sources could explain their prevalence on the cheese surface at the later stages of ripening. 
